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To Recipients of NACA Wartime Report I—766

SUBJECT- Errors in NACA Wartime Report I~766 entitled
"Preliminary Tests in the NACA Tank to Investigate
the Fundamental Cheracteristics of Hydrofoiis," by
Kenneth E. Ward and Normsn S, Iand

Gentlemen:

Wartime Report I~766, "Preliminary Tests in the NACA Tank
to Investligate the Fundamental Characteristics of Hydrofoils,"
by Kerneth E. Ward and Norman S. Land was distributed along with
a large number of other reports.written during the war. A recent
critical review of Wartime Report I~766 indicates that scms of
the hydrofoii data conteinsd therein are invalid. The RACA
therefore recommends that, instead of Wartime Report No. I~T66,
the two following papers, which contain the most accurate data
available on the drag of hydrofolls at high wabter spseds, be
uged

a. Wartime Report I~T57 emtitled “Characteristics “of an
NACA 66, S—209 Section Hydrofoil at Several Depths,™
by liorman S, I=md.

t. Wartime Report I-758 entitled "An Investigation of
Hydrofoils in the NACA Tank I — Effect of Dihedrsl.
and Depth of Submersion,” by James M. Benson and
Normsn S. Land.

Sincerely yours,

E. E. Milier,
Chief, Division of Research Information
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NATIONAL AINIBCHY COMMITTEE FOR AEROBAUTICS

PRELIMINARY TESTS IN THRE NACA TANK TO INVESTIGATR
THE FUNDANRNTAL OHARAOTiIISTIOS OF HYDROFOILS

By Xenneth B, Ward and Norman 8. Land
SUNMARY

The present preliminary investigation was made to -
study the hydrodynamic properties and general bdehavior of
simple hydrofoils., 8ix 5« by 30=inch plain, roctangular
hydrofoils wore tested in the BACA tank at various speeds,
angles of attack, and depths below the water surface. Two
of tho hydrofolls had sections roprosenting tho sections
of commonly used airfoils, one had a section similar to
one developed by Guidonl for use with hydrofoil~equippod
seaplane floats, and three had soctions designed to have
constant chordwise pressure distributions at given values
of the 1lift coofficiont for the purpose of dalaying tho
.speed at which carvitation begins.

The experimental results aro presented as curves of
the 1lift and drag coofficionts plotted against apeed for
the various angles of attack and dopths for which the
hydrofoils were tested. 4 nunder of derived curves are
includod for the purpose of botter comparing the charac-
teristics of the hydrofoils and to show the effects of
depth.s Soveral representative photographs show tho Adcvolw
opment of cavitation on the upper surface of the hydrofoils.

The results indiocate that properly designed hydrofoil
sections will have excellent characteristics and that ths
speed at vhich cavitation occurs may be dslayed to an ap-
Preciable extent by the use of suitadle sections.

IZTRODUCTION

-

A hydrofoll is, by definition, any surface designed
to obtain reaction from the water through which it moves.
One of the first to use hydrofoils wvas Forlanini in Italy.
in 1898 for the purpose of supporting high-lpoed boats on
the water with a minimum amount of resisting force. 4
numbor of later developments were made bdy Orocco, Bell,
and others for the same general purposo.
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The firs{ practical "applicdation of the use of hydro-
foils to assist the take-off of. a seaplaie from the ‘water
vas by Gulidoni in Italy and his first succossful flight
vas made in 1911. Guidonil conducted a comprehonsivo in=-
vestigation - -of hydrofoils and of weaplancs oquipped with
hydrofoils, Tho SVA seaplano, doveloped by Guidoni in
1917, 1s porhaps the best known exdample of a soaplano
having floats provided with hydrofolis,

Thore has beon & rocont rovival of intorost in hy-
drofolils, with particular respeoct to tholr usc in assist=
ing tho take=off of long-range flying boats. Tho uso of
hydrofqils provides tho possibility of a groatly improved
aorodyhamic form for tho flying boat with tho rosulting
incroasoc in porformance “in tho air. Hydrofoils also aroe
known to have good rough-wotor cHardctoristics and thoir
use nay rosult in a substantial dooroasc in tho structural
weight of the hull,

Thoro 1s a present noed for fundamontal studles re-
garding tho proportios of hydrofolls. Tho almost completo
lack of dosign data has probably beon a doterront to tho
uso of hydrofoils in modorn applications. Any fundamontal
studiocs should ineclundo tosts of hydrofolls of large sises,
mainly bocauss of tho scalo effect on cavitation, in order
to obtaln rslindble data rogarding tho most practical soc—-
tioas and arrangonents to be usod.

Tho presont preliminary invostigation was nade to
study the general behavior of simple hydrofolls, Six hy-
drofoils, rectangular in plan form and with constant segc-
tions, worec tosted in the NACA tank during Novenber and
Docopbor 1938, Fivo of those hydrofoils arec similar to
airfolls that have boen tosted in tho ¥NACA variablo-don-
8ity wiad tunnol. The sixth reprosents, as nearly as
fonsiblo. ono of tho sections described dy Guidoni in
roforonco 5. They werc suspendod in the wator bolow a
-balenco securcd to tho towing carriago and tho 1lift, drag.
and pitching nmomont woro neasurocd at various spoeds, on-
gles, ond dopths of subnorsion,

APPARATUS ABD TESTS

A doscription of tho HACA tank eénd tho towing ocar-
riago 1s given in roforonco 1. Tho balance, which is sup-
portod on tho main structural nembefs of the towing car-



riage, 1es ‘shoun diagrammatically in figure l. It 1is de=-
slgned to measure the 1lift, drag, and pitching moment of
the hydrofoll, 3Basically the balance conslets of a heavry
floating frame connected hy means of linkages to canti~
lever springs attached to the main frame, ond to the regu-
lar resistance dynamometer o0f the carriage. The float-
ing frame contains a movable unit including twvo struts and
‘the hydrofoil wvhich can be adjusted to chango the angles of
attack and the depth of submersion of the hydrofoil. Tho
struts are tapered and have bi-convex sections with con-
stant radii of 65~5/8 inches and sharp leading and trailing
edgos. They are spacod 16-1/8 inches betwoen centors and
arc attached to the upper surface of the hydrofoll with
the centor line of the struts at the half-chord position
on the hydrofoll., Tho chord of tho strut at the attach-
ment point is 2.9 inches. The chord line of tho hydrofoil
has an initial angle of attack of 6° when the struts areo
vertical, It 18 intorosting to noto that the spacing bo-
twveon struts of 16~1/8 inches, which was computed to givo
oqual bending loads on each side of 'a strut, was found to
bo Justifiod when one hydrofoil was accidontally over-

.8trossod and deformed during a tost at high speeds.

Tho hydrofoils aro all roetangular in plan form with
squaro tips and coanstant sections. -They have a chord of
b lnches and o span of 30 inches and, oxcept for the
Guldonl soctlon which is stoel, arec machinecd from hard
brass. Tho mothod of conetruction is tho same as that de-
seribed in reforence 2 for construction of the airfolls
tested 1n tho variable-density wind tunnel and they are
finlshed with tho esomo degroo of surface smoothness,

Six hydrofoils wore tested in this prelimlnary inves-
tigation, two having sections commonly used for airfoils,
one having o soction developed by Guidoni, and three hav-
ing soctlions designed for uniform chordwisc pressure dis-
tributions. The profiles of those sections aroc shown in
figuro 2. The HACA 23012 (reforence 3) was chosen ag rop—-
rosenting o commonly usod airfoil section for which con-
siderable data are cvailable from wind-tunnel and freo-
flight toets. The NAOA 23006-33 (0006~-33 thickness distri-
bution (referonco 4) disposcd on the 230 moan line (refer-

.ence 3)) was chosen to ropresont a thin airfoil section
"having a snall leadiag-odgo radiue,

The Guidoni ropresents a section usod-fi Guidoni in
a practical cpplication. (See rofeorence 5.) The ordi-
nates for thls section wore determined from thoe illustra-
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tion published in reference 6 and may not exactly dupli-"
cate the original section.

The sections for uniform chordwise pressure distri-
butions are represented by the NACA 35 B 09-46, the KACA
16-509, and the NACA 16-1009. In choosing these sections,
it was recognized that the.cavitation phenomenon is asso=
clated with the low prossures developed on the lifting
surface of the hydrofoll., Presesure-distribution invdsti-
gations show that tho usual airfoll shape results in a
vory irregular digtribution along the chord. For all dut
‘'thd lowest -values of the 1ift coefficlent, sharp peak
pressuros dovelop near the loading edge duc -to very rapid
accolornption of the air. Becauso of the assoclation be-
twooa tho.low pressures on the 'saection of a hydrofoil and
tho dovolopment of cavitation, 1t was apparent that if a
soction ocould bo dovolopod which had a uniformly constant
prossure along the chord, much higher normal forces could
be obtalned without reducing the pressure at any point be=-
low tho vapor pressure of the water and thus causing cavi-
tetion of the flow. While investigating the shapes of
.esections which would give the deaired distridution, it was
found that such sections were bdoing developed for high-
speod airfolls. The NACA 35 B09-46 (reforonce 6) ropre-
sente one of the oarlior devolopment forms. The NACA
16-509 and NACA 16-1009 aroc later sectlions devocloped os
described in roferencos 6 and 7 and subsequontly testod
in the 24-inch high-speed tunnel, Thoso sections are de=-
slgaod to have a uniform chordwise pressure distribution
at givon values of the 1lift coefficlent (GL = 0.5 for

the 16=509 and C, = 1.0 for the 16-1009),

A?y

In making tests of the hydrofoils, the strut pivot 1e
bolted in a position which places the hydrofoil at a chosen
nominal depth and angle of attack. The carriage is then
operated at constant speeds and the forces are observed
throughout the range of speeds within the limite of the
strength of the hydrofoil or of the apparatus., (Lift
forcos of over one ton per sguare foot wore measured in
tho preseont investigation.) Thae specd at which cavitation
first appoars 1s notod and representative photographs of
the phenomonon aro taken, The procedurc 1s ropeated for
various angles of attack and for various nominal depths,
Tho temperature and level of the water in the tank are de=-
termined for ocach toesst.
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RESULTS

= The experimental rasults are
presented as curves of 1lift and drag coefficients plotted
agcinst speed in figures .3 to 8, Bach sot of curves
shows the varintions of the coefficionts with change in

-speed for constant values of the angle of attack and for

sovoral reprosontative dopths of submersion, The forces
are roduced to coefficionts of tho usual aerodynamic form,

Lift coefficlent Op = L/1/2 p, 7?,8
Drag coefficient Op =D/1/3 p, V2 8
where L total 1ift force, 1D
D drag force, 1lb

py mass density of water, 1.968 slugs/cu ft for
these tests

v espesd, fps
8 area of hydrofoll, sq ft

The drag coeffliclent is based on the total drag of the
hydrofoll and strut system which is submerged. Windage
corrections have been applied for tho balance and that
portion of the struts above the water line. These correc=
tions wero determined by measuring the forces using soc-
tions of dummy struts oan the balanco running Just olear

of tho wator surfaco,

Pitching moments are not included in the results be=~
cause the sonsltivity and oporation of tho balance wore not
sufficlontly good to.give consistont and reliadle data for
tho momonts, In practical applications the pitching mo=-
mont of the hydrofoll will bo negligible compared with the
monents resulting from tha 11ft and drag forces.

Spoeds aro presontod in dimonsional units decause 1t
is not considocred feasible at tho prosont time to estab-
lish a nondimeonsional form. In high-spoed eirfoll work.
the spoed. of sound, which reprosents the. rate at which
pressuros are propagated through. the fluid, provides a .
conveonlont value upon which. to baee & nondimonsional spoed
ratio., In working with hydrofoile. a logicol choice for




a similer ratio would praobably be tho speed at which
cavitation begins. This spood 1s mainly a function of
the vapor pressure of the fluid, and the minimum pressuro
devolopod by the hydrofoll which 1s a function of the
size, shapo, and attitude of the sectlon, It is possldle
that, with further study, a satisfactory method of deter-
mining a cavitation speed may be found and thls speed
used to give a nondimensional ratio of speeds which may
have some advantage over the dimensional quantities. TFor
those interested in mesing the Reynolds number in connec-
tion with the present results, the valuc of the kinematic
viscoslty of the water in. the tank may be found from the
empirical relation

‘v = (20,700 + 876t + 2 t%)7* f£t%/acc

vhero ¢t 1s the temperature of the water in dogroes
Fahronholt.

The dopth of submergonce of the hydrofoll 1s gener-
glly given in the resulte as tho nominal depth 4 of the
quarter-chord of the section -in terms of the chora c.

The nominal depth represents a fixed position of the pivot
on the balance and differs from the actual depth because
of the angular change and the small dally variation in

the water level. The actual depth is of importance only
wvhen the hydrofoll 1s near the surface bscause of the
relatively small changes in the hydrofoll characterilstics
with dpoths below two chords. The actual depth may be
readily obtainoed for any specific requirement from the re-
lation

d/c = 6.42 cosf{a - 3.7°) = k

vhere d/c actual dopth of quarter-chord point in torms
of tho chord

o angle of atteck, degroes

k¥ trim, includingz the nominal depth, water level,
and corrcction for the thicknoss of the
hydrofoll (values of k are included with
the figuros) '

Tho rosults are glven for anominal dopths of lc, =3¢,
and Boc for all of the hydrofoils testod and, in addition,
the results for a nominal depth of 1/40 aro included for
the NACA 23012 and the Buidoni, -Some tests wers made for
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a nominal depth of 30, but the results are not included because
they differ so little from the results obtained for the depths

R
¥

The speed at which cavitation begins, V,, is indicated
by small arrows oo the cuxrves. These speelds represent the

of the hydrofoll. There was some evidence of cavitatiom cn
the lower surface of the hydrofoil, at low values of the angle
of attack, from observations of the wake behind the hydrofoil,
but the speeds at which it first appeared were not recorded.

m_m Several series of curves are derived
from the experimental results and are given in figures 9 to 17.
The first serles of ourves (figs. 9 to 14) show the variatioms
of ‘the dreg coefficient, lift-drag ratio, and cavitation speed,
which are plotted a@.:l.nst 1if't coefficient with speed as the
paramster. These curves are given for two representative
depths, lc and Sc.

The effect of depth is shown.in fignres 15 and 16. Only
the results for the NACA 23012 are given because these
data are the most ccmplete. -The curves of 1ift and drag
coefficients plotted against depth (fig. 15) are derived from
the data given in fignre 3, using the straight part of the
curve, extrapolated vhere necessary. The drag coefficient and
the angle of attack are plotted against the 1lift coefficient
in figure 16 and compare these characteristics for four
different depths. The drag coefficient Cp 1n this figure is

based on the dreag of the hydrofoll less the drag of the struts.
Inclunded in the figure are corresponding curves for a similar
NACA 23012 alrfoil. The cuxrves for the airfoil were cbtalned
from the data published in reference 8 and corrected to aspect
ratio 6 by the usual method. All of the curves of fignre 16
are given for a Reynolds mmiber of 654,000 corresponding to a
speed of 20 fps in the tank.

The drag of the struts was obtained from tests of the
struts with the hydrofoil removed and does not take into accomnt
the interference effects. The dreg coefficlemnt for the submerged
portion of the struts, based an the area of the hydrofoil, may
be expressed by the relation

Cp = 0.0033 (3/c)




This relation is independent of the angle of attack, within
the limits of accuracy of the tests, and holds for speeds
belowy 50 fps at which spoed the struts degin to cavitate
vhon attached.to the hydrofoll. It 1s interosting to note
that the struts cavitatod much later when tested without
the hydrofoil and that the drag of the struts increased
édonsiderably when cavitation occurred. Oorresponding meas=
uromonts of the 1lift of the struts showed egmall, inconsist-—
ent valuos which arc considered negligibdle within the lim-
its of accuracy of the tosts.

A comparison botween the observed speeds at which
cavitation began on the FACA 23012 hydrofoll and computed
speceds based on the pressure distridution (obtained from
wind-tunnol results by the methods of references 12 and 13)
is shown in figure 17,

Sevoral ropresentative photographs showing the cavi-
tation on tho hydrofoll are given in figure 18. In taking
thoso photographs, a strong light was placed above the
surface of the water and the roflections were eliminated
by tho use of a polaroid filiter ian front of the camera

lons.

Accuracy.~ The accuracy of the experimental results,
for an 1ndividual test, 1s indicatad by tho scatterling of
tho tost points on the curvee. OChack tosts of the same
hydrofoll, however, showed appreclable difforonces doyoad
the cavitation speeds with reasonably good chegcks at lower
spoods. The later tests indicated that the dreg was gen-
erally higher and the 1ift was inconsistently higher or
lower than for the originel test. The reasons for these
differences are as yet unexplainable. It appears probabdble
that small differences in the alinement of the balance may
have caused the differonces in the resulte, Bvery effort
was madc to keep theo balance in proper alinement and to
koep all operatlng conditions as noarly the same as prac-
ticablc during the investigation. Another possiblo cause
of the differences in the results may be duc to a critical
nature of the flow after cavitation has developed. The
rosults as prosented in this report are belioved to be the
most reliabdle of those obtained and glve the correct order

of tho forces.

The spoods for each test polnt were accurately measurod
by the usual method of recording the timo and distance for
tests in tha NACA tank, The speeds at vhich cavitation
first appearod arc probably a little high bocouse of the
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method and difficulty of observation., Oheck observations
of the cavitation speed during the same test, however,
agreed very closaly. The observed values are bellsved to
be-correct.within +5 .and -0 fps. _ .

The depths of the hydrofolls were acocurately meas-
ured with reaspect to the still=water level at the begin-

ning of each day of testing. 4 small reduction in water

level occurred while a test was in progress through leak-
age of weter from the tank dut this reduction is oconsidered
negligible. Other sources of error are a constant deprose—
slon of the water level undaer the carriage of about 1/8
inch caused by the pressure field around the moving car-
riage, and an irregular surge of tho water in the" tank of
from zoero to t 3/8 inch.

There was no accurate control for setting the angle
of attack of the hydrofoll and small errors were introduced
from deflections of the balance structure under load. The
probable limits of accuracy are believed to be within
+0.2° and- -0. 3°n

DISCUSSION

Hydrofoll Characteristics

Experimental regultg.- The experimental results (figs.
3 to 8) in general show marked changes in the values of the
coefficients with change in speed for constant angles of
attack, A4Also, the different types of sections show consid-
erable difforences. The cavitation phenomona apparently
have the largest offoct, particularly for tho hydrofolls
having the ustal airfoil sections. .With the exception of
some of the varintions of drag, the usually smooth curves
indicato that thore are no sudden changes in the forces
resulting from cavitation, The general shapes of the
curves for any one hydrofoll are unaffected by the depth
of the hydrofoll below the water surface, as may be seen
by comparing the curves for differeat depths.

An interesting feature of the varlation of the 1ift
coefflcient is the apparont approach to a limiting enve-~
lope which corresponds to a constant value of the total
l1ift force as 1lllustrated by the curves of figure 3d.
This tendency 1s even moro pronounced in.the curves of
some of the othor figures. 4 possible oxplanation may be
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in a limiting value for the change in momentum of the
fluid acted on by the hydrofoill, owing to cavitation or
othor causes,

Tho hydrofoils having sections of the usual airfoll
typo (figs. 3 and 4) show the closest relation betwoen
the cavitation speed and the dcparture of the force coef-
ficients from constant valuos, For these hydrofolls tho
1ift coefficient decreasos and the drag coefficient in-
croases near the cavitation speed. The decreasc in lift
coefficiont 18 relatively small but, at high angles of
attack, the incrcaso in drag coefficient is quite large.

The hydrofolls having sections doesigned for reduced
cavitation (figs. 56 to 7) are of particular interest when
oporating noar the deslgzn value of the 1lift coefficilent.
For thoso hydrofoils tho 1lift coofficiont falls off with
increcase in specd, at constant angles of attack, as for
the other hydrofoils, bdbut there was a large reduction in
tho drag coefficiont to a minimum value which is appar-
ently indepeadont of the cavitation speed. This roeduc-
tion in the drag cosefficiont with incrcase in speed 1s
comparablo with the results gilven in reforence 6 where
similar characteristics wore found from tests of airfolls
of thils type. Whon tho hydrofolls are oporating at an-
gles of attack above that glving tho design value of tho
1ift coofficiont, the 1ift and drag coofficionts both in-
creaso, with incrocso in spoed, to a maximum ond then de-
croaso quitc rapidly.

Tho increaso in 1ift coefficlient is probadly due to
-a Qeformation in tho effoctlve profile of the section
caused by soparation in the cavitating aroca which results
in an inecreaso in the effectivo camber., This is one con-
clusion reachod by Walchner (referonco 10).

The Guidoni hydrofoil (fig. 8) shows tho samo genoral
characteristlics as the hydrofoils speclally designed for
reduced cavitation. It ie of interest to note that the
Guidonl sectlions, devoloped so many years ago, are still
practical scectlions having good characteristics. The
Guldoni sections are generally thin, however, with corre-
sponding limitations in the load-carrying adbility. The
sectlons devoloped by the NACA arc much thicker and permit
.a reduction ln the number of supporting struts required
for a given installation. Further tosts are required to
lnvestigato the effects of a sharp or slightly rounded
leadlng edge. Some brief qualitative tests indicato that
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tho small leading~edgo radii of the NACA sections are
satisfactory for bdroakihg the water surface when a set
of hyf@rofolls having dihedral emerges, as for a prac-
tical installation,

- e P

Dorived results.- The curves of drag coefficlents
and ‘1ift-drag ratios (figs. 9 to 14) are usoful for oom-

‘paring the characterlstics given by the diffcorent sec-

tions  for equal valués of the 1lift coe;ficient. These
curves are dependent on the falring of the bdasic curves
but show the relative orders of the results. The curves
for the usual airfoil sections (figs. 9 and 10) fall
vithin roasonabdly uniform envelopes, with the individual

‘gurve for.a glvon speed léaving the envelope when cavi-

tation occurs, The variations of the drag coefficient
and the lift-drag ratlio with change 1in 1lift coefficient
arc about normal for the envelope curves when compared
with - similar results from wind-tunnel tests.

The corresponding curves for the hydrofoils having
the other sections (figs. 11 to 14) shbw considerable
differences in tha varilations for the different spoeds,
as might be expectod from the differoncos shown by the
original curves. Tho curves for the NACA 16-509 hydrofoil
shown in figure 1l2a, best illustrate the variations for
tho soctions designed for reduced cavitation. 4s the
speod increasos, the minimum drag coefficlent is- reducod
and comes at higher values of the 1lift coefficient. ' Tho
low values of the drag cosfficlent result in high values
of the lift-drag ratio in the useful range of 1lift coef-
flcients. Practical limits of testing unfortunately pre-
vent tho extension of all of the curves to give more com=—
Pleto .information as to the general bdehavior of these
hydrofoils at high speeds.

The gonaral effect of depth of submergence of a hy-
drofoll 1e to decrease the 1lift and drag coefficients .
with docrcase in depth. Thie effect is illustrated by
the curves of figure 15 for a typical axample. Thepge
curves ropresont tho- values of the coefficlents defore
cavitation has disturbed the normal flow and show, 'in
yparticular, the loes of 1ift as the hydrofoil approachos
the surface. The corrosponding values .of tho lift-drag
ratio incroase to maximum valuos when tho hydrofoll is
dear tho surface: thon docrease rapidly with further do-
creaso in dopth to valucs for planing surfaces.

The largest part of the. changeo 1n drag coofficliont
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with chango in depth 1s that.duwe to tho difforences in

tho immersecd longthe of thoe struts as may be seen by com=
paring tho slopes of tho curves with the value 0.0033 for
the struts alone, When the hydrofoil approaches the sur-
face .of the water, the variation of both the drag and the
1lift coefficlents with depth are affected by the large
surface disturbancoe. This surface disturbance gives a
decreasa in actual depth ovor that dotermined with respect
to the undisturbed surfacey particularly for high anglos
of attack. An intorosting obsorvation 1s tho large trough
and high roach rosulting from the downwash bohind a hydro-
f+11 oporating noar tho surfaco.

The curvos of cnglo of attack and drcg coefflciant

for the NACA 23012 hydrofoil (figz. 16) show the relation

between these characteristica for the hydrofoll at several
depths, and the corresponding characteristics of a similar
airfoll vhich was tested ia a wind tunnel., The curves for
the hydrofoll are derived from the curvos of figure 15 for
constant actual dspths of thoe quartor-chord. Thae drag co-
officicnt Gﬁ roproscats tho drag of tie hydrofoll without

struts 1ln ordor to show dbottor tho comparison with thoe cor=-
rosponding chuoractoristics of tho airfoll..

Inspoction of thc ourvos shows that, for tho groatost
dopth, tho choractoristics of tho hydrofoll oro vory sini-
lar to thoso of tho airfoil. Tho almost constant diffor-
oncos 1n tho drag curvos ars probably duc to oxcossivo
valuos of tho strut drsg whick may bo too largo bocauso of
the ead interforonco in tho tusts of tho struts alono,

The slopc of tho curvo of anglo of attcek, wvhich ropro-
sents tho slopoe of tho 1lift curvo, 1s slightly groaator
than tho corrosponding slopo for tho airfoil ovar poart of
_bhe curve. The slopos oaro not uniform, howovor, and toand
to vary wlth chango in 1ift irn vory much tao samo way thot
tho slopos vary for most clirfeolls at low valuos of tho
Reynolds numbor.. (So>s roforzaco 8.) It should be remon=-
bered that thoso curvos for the hrdrofcil havo boon ro-
fairod fron proviouslr foirod curves a2nd that tho deta for
tho ‘cirfoll woro obtained from intorpoloting bdotwoon tho
curvos of snnll-slzo figuros. It 1s belioved, however,
that the curves as shown in figure 16 ropresont the cor-
reoct orders of tha chgracterigtics,.

An iateresting faeaturs shown in figure 16 is the ap~
parent decrsase in the offectlivo cspoct ratio of tho hydro-
foll with decreass 1a dopth as indicated by the chenges 12
slopes of the curvos with shango in depth. 4lso, the angle

anl -1
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of zero lift is increased with a decrease in dspth. A possible
enlmt:lcn ccr these effects.is that, as the hydrofoll approaches
the surface, the spanwise 1lift distrtbnt:lon is changed, princi-
pa.lJ.;b:a. duction of 1ift over the central portion of the
hydrofoil. This would temnd to reduce the effective ‘agpect ratio
andalsoml d tend to require higher gecmetrical angles of
attack for zero 1lift to compensate for the loss of 1ift of the
central sections which, for the rectangnlar hydrofoil having
constant and parallel soctions, normally operate at a small
positive 1ift when the total lift of the hydrofoll is zero.

Cavitation Phenomena

The phenomena of cavitation have been ably discussed, both
from the theoretical and the experimemtal standpoints, by a
mmber of authors. Ackeret (reference 9), Walcimer (reference 10),
and Smith (reference 11) have published papers of particular
interest on the subJect of cavitation.

Cavitation is a vaporization process resulting from a decrease
in pressure in a fluld flow untll the saturation pressure of the
vapor 1s reached. It is a complicated polytropic process involving
a very short time elemsmt. Ths analogy between cavitation and
the compressibility phenomena of compressible fluilds has been
discussed by Ackeret (reference 9) in an extemsive treatment
of the subjJect. He shows that a shock occurs with the collapse
of the bubbles and that there is a very rapid osclllation of the
shock zone. The collapse of the bubbles of vapor in the shock
zone produces impacts of the fluld on the bounding walls at
extremesly high veloocltles and hence enormously high pressures
to vhich cause Ackeret attributes the eroslon resulting from
cavitation.

In the present investigation, the cavitation phenomema were
studied only to the extent of observations of the nature of the
cavitation as it appeared on the upper surface of the hydrofolil
and of the apeed at which 1t first appeared as a white furz or as
streaks. Curves of this observed cavitation speed Vg are
shown for all of the hydrofoils in figures 9 to 1k. (Values
of Vg are also indicated by small arrows on the curves of the

experimental results in figs. 3 to 8.) The general characteristic

of the curves of ¥V, plotted against Cp 1s a sharp de-
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croasc in the cavitation speed with increase in the 1lift
coefficient, This characteristic is .to be expectesd from
consideratione of the chordwise pressure distridution
over the sectlons. For the sections designed for reduced
cavitation, the curves show that the cavitation spced is
dolayod consideradbly at the lower valuos of tho 1lift co-
officiont. The NACA 16-1009 hydrofoil gave tho highost
valucs of the cavitation spoced ovor the greator part of
tho rango of l1lift coefficicents tosted,

It wvas considered of interest to compare the observed
values of the cavitation specd with tho valuos computod
from purcossurc~distribution diagrams. Tho NACA 23012 hy-
drofoll was chosen for this comparison bocause thoe data
are tho most consistent. The cavitation speod 1is computed
on the basls of two simplifying assumptionsi (1) that a
cavlity forme in thoe fluid at the surfaco of the hydrofoll
wheon the absclute prossuro at that point 1s equal to the
vapor pressure of tho wator, and (2) that tho pressure
distrivution on a hydrofoil is similar to thet on the samo
soction operating in air. Pressuro distridbutions on air-
foill soctlions are avallable from wind-tunnol measurements,
or may be computed as 1in roferences 12 and 13. ZEither of
thcso sourcos gives ‘tho pressures normal to tho surface in
terms of a nondimonsional coofficient that is the ratio:-of
tke normal pressure to the dynamic pressures of the.free
stream. In serodynamic work the cosfficient has a nega-
tive slgn where the normal pressure is less than the statiec
pressuroc., The absolute value of the normal pressuroc 1is,
of course, & positive quantity; so in this analysis the con-
ventlonal aerodynamic pressure coofficient i1s prececded by
o negativo sigan. Thon by the firet assumptiont

Py + Ppin = Pa + Py
vhere
Py Vapor pressure of water, l'b/ft3

Pmin minimun normal pressure on surface of hydrofoll,
l'b/fta

P, atmospheric pressure, lb/ft?

Py bhydrostatic heaod at dopth of point of minimum
pressurc, 1lb/ft3
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Ths value of . pp3, may be roplaced by one in teras of the
coefficient from the relationo!

" =Pyin ™ Pmin/d
and Ppin ™ ~FPain 1
ttherd

Ppin pressuro coefficient at poin£ of mininun pres-
sure

q=1/3 p, V¢ d4ynanioc presauro, 1b/2¢8
py DOSS denuity.of vator, sluga/fta
Ve #peed at which cavitation begilns, ft/s0c0.
Making the substitutlion and solving for Vg!

V2 o Yot Py = Py

c Pw
~Pain 5

For the 5=inch~chord hydrofoils tested, using the data as
to the vapor pressure at the temperature of the water dur-
ing the tests, and standard atmospheric pressure, the
above axpreeelon reduces to:l

v: _ 32120 = 37 3/c
=Pyin

vhere d/c 1s tho depth-chord ratio. Tho valua of Pp,,

1a deternined for the aldsection Bf the hydrofoll, assun-
ing that the section 1lift coefficlent c, ie equal to
1.14 OL'

The results orf this compsrison are giveon in figure 17
and show very good agreement for the chosen example when
conslderation 1o given to the limitations of tho nethod.
The conputod cavitation speed does not consider the pro—
liminary stage of cavitation where dissolved gases are re-
leasod from the liguid. Othar factors are also nagloctod,
such aos the hoat transfer, surface tomnslon, etc. The dla-
gronms of the pressure distridbution are not exact for the
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soction considored and it is particularly difficult to
Judgo the valuo of tho nininun pressure coefflicient bo-
causo of tho sharpnoss of the pressure pook, Furthornore,
the valuos of the observed cavitation s'peed wero d4iffi-
ecult to obtaln, particularly at high specds, because of
the linitatlons in the nethod of observation. The results,
howover, indicate that conservativo values of tho cavita-
tion spoed nay bo estimated by the method described,

The photographs of figure 18 show two distinct forns -
of covitation. One forn appoars as strecks developing
fron point sources on tho surface of the hydrofoill. Thero
is no apparent reason for these sources as the surfaco of
tho hydrofoll was perfectly snooth to the touch and closo
exanlnation 4did not revoal any protuberancos nor dlscon-
tinuitios, The point sources 4o not appear consistently
in tho sone places for difforent test runs and, with in-
creasc in epood, nmore of the sourcos appear until genoral
cavitation ovor the whole surface tbhkus place.

A socond forn of cavitation appears as a light,
snooth haze unifornly distriduted over a narrow baand 1in
the spanwiso direction., This cavitation area follows the
genaral plcturo of tho pressurc distribution and devolops
at o point along the chord whore the mininun prossure is
expecteds Thoe uniforn spanwiso distribution 1s intorfered
with by the presenco of the struts as may be seon in sone
of the photographs, Tho pressure field around the struts
is evidently sufficiont to dolay cavitation except at theo
intersectlion botwoen the strut and the surface of the
hydrofoll whoro local scavitation occurs,

0f spocial intorest is tho forn of cavitation which
dovolops on the surface of a hydrofoil dosigned for roduced
cavitation. At values of the 1lift coofficlent near that
for vhich tho hydrofoll wes dosignod to have o uniforn
chordwlso prossure distridution, the cavitetion begins as
a vory thin, light hazo well distributed over the central
area of the hydrofoll, It has the appearance of a vis~
cous fluid on the surface of the hydrofoil with large,
slow-moving oddles on each side such as might be expected
inslde the boundary layor, With further increase in spood,
tho usual heavy, flame-like cavitation develops which 1s
accompaniod by severc vibration and noisoa.

Cavitation of the struts generally begins at the in-
tersectlon with the surface bof the hydrofoll at spocds
betweon 50 and 55 fps. At higher spoeds, genorel cavita-
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tion of the ‘struts takes place over the entire submorged
length.

. "In many-of the photographs, the tip votices plainly
appoar, It was intoresting during the tests to obsorve
theso vortices, which aro fillod with a white mixture of
wator vapor and air, and note thoir bohavior as they
ourlcd ovor tho tips of the hydrofoil and oxpanded far
downstream, until thoy wore no longor visible, 4s tho
bydrofoil approached tho surface of the wator, the tip
vorticos would break the surface as they expanded and would
form o wako pattern on tho wator corrosponding with the
popular concoption of tho vortex sheet bohind an airfoll.

COECLUDING REMARKS

The rosults of the present invostigation indicato
that proporly designod hydrofoil soctlions will have excel-
lent charactoristics and that the speed at which cavitation
occurs may bo delayod to an appreciable oxtont by tho use
of those soctions., Furthor work will includo tests of
practical arrangements and will covor the offoctes of dlho=-
dral, plan form, and multiplanos,

Langley Nomorial Aeronautical lLadboratory,
FNational Advisory Committee for Aoronautics,
Langloy Piold, Va.
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